Preliminary Studies in Electrochemical Nanoimprint Lithography directly on Crystalline Semiconductor Wafer by 张琳
  
学校编码：10384    分类号     密级       
学    号：20520141151616 UDC      
 
 
 
 
 
 
硕  士  学  位  论  文 
   
半导体晶圆直接电化学纳米压印技术初探 
Preliminary Studies in Electrochemical nanoimprint 
Lithography directly on Crystalline Semiconductor Wafer 
张 琳 
指导教师姓名： 詹 东 平 教 授 
专 业 名 称： 物 理 化 学 
论文提交日期： 2017年  5  月 
论文答辩时间： 2017年  5  月 
学位授予日期： 2017年     月 
 
答辩委员会主席:          
评    阅    人:          
2017年 5 月
厦
门
大
学
博
硕
士
论
文
摘
要
库
厦
门
大
学
博
硕
士
论
文
摘
要
库
  
厦门大学学位论文原创性声明 
本人呈交的学位论文是本人在导师指导下,独立完成的研究成果。
本人在论文写作中参考其他个人或集体已经发表的研究成果，均在文
中以适当方式明确标明，并符合法律规范和《厦门大学研究生学术活
动规范（试行）》。 
另外，该学位论文为（                            ）课题
（组）的研究成果，获得（               ）课题（组）经费或实
验室的资助，在（               ）实验室完成。（请在以上括号内
填写课题或课题组负责人或实验室名称，未有此项声明内容的，可以
不作特别声明。） 
 
声明人（签名）： 
          年   月   日 
厦
门
大
学
博
硕
士
论
文
摘
要
库
厦
门
大
学
博
硕
士
论
文
摘
要
库
  
厦门大学学位论文著作权使用声明 
本人同意厦门大学根据《中华人民共和国学位条例暂行实施办法》
等规定保留和使用此学位论文，并向主管部门或其指定机构送交学位
论文（包括纸质版和电子版），允许学位论文进入厦门大学图书馆及
其数据库被查阅、借阅。本人同意厦门大学将学位论文加入全国博士、
硕士学位论文共建单位数据库进行检索，将学位论文的标题和摘要汇
编出版，采用影印、缩印或者其它方式合理复制学位论文。 
本学位论文属于： 
（     ）1.经厦门大学保密委员会审查核定的保密学位论文，
于  年  月  日解密，解密后适用上述授权。 
（     ）2.不保密，适用上述授权。 
（请在以上相应括号内打“√”或填上相应内容。保密学位论文
应是已经厦门大学保密委员会审定过的学位论文，未经厦门大学保密
委员会审定的学位论文均为公开学位论文。此声明栏不填写的，默认
为公开学位论文，均适用上述授权。） 
 
 
                             声明人（签名）： 
                       年   月   日
厦
门
大
学
博
硕
士
论
文
摘
要
库
厦
门
大
学
博
硕
士
论
文
摘
要
库
目 录 
i 
 
目 录 
摘 要 ........................................................................................................... I 
ABSTRACT ............................................................................................ III 
第一章 绪论 .............................................................................................. 1 
1.1 半导体材料简介 ................................................................................................ 1 
1.1.1 半导体的晶格和能带结构.......................................................................... 1 
1.1.2 半导体的光电效应...................................................................................... 2 
1.1.3 半导体和金属的接触.................................................................................. 2 
1.1.4 半导体在微纳器件中的应用...................................................................... 3 
1.2 微纳米制造的意义 ............................................................................................ 4 
1.3 半导体微纳米加工技术简介 ............................................................................ 5 
1.3.1 光刻技术...................................................................................................... 5 
1.3.2 直写技术...................................................................................................... 7 
1.3.3 纳米压印技术.............................................................................................. 8 
1.3.4 电化学微纳米加工技术............................................................................ 10 
1.3.4.1 金属辅助化学刻蚀技术 ............................................................. 11 
1.3.4.2 约束刻蚀剂层技术 ..................................................................... 13 
1.4 半导体光刻蚀加工 .......................................................................................... 15 
1.5 本论文的研究目的和设想 .............................................................................. 17 
参考文献.................................................................................................................. 19 
第二章 实验部分 ....................................................................................33 
2.1 实验材料与试剂 .............................................................................................. 33 
2.1.1 化学试剂.................................................................................................... 33 
2.1.2 半导体加工基底........................................................................................ 33 
2.1.3 其他材料.................................................................................................... 34 
2.2 模板电极的制备 .............................................................................................. 34 
2.2.1 凸半球模板电极的制备............................................................................ 34 
2.2.2 正方形模板电极的制备............................................................................ 35 
厦
门
大
学
博
硕
士
论
文
摘
要
库
目 录 
ii 
 
2.2.3 纳米柱形模板电极的制备........................................................................ 35 
2.2.4 微米孔/柱模板电极的制备 ...................................................................... 37 
2.2.5 磁控溅射制作模板电极............................................................................ 38 
2.3 电化学纳米压印系统 ...................................................................................... 39 
2.3.1 系统仪器的组成和性能............................................................................ 39 
2.3.2 电化学纳米压印加工步骤........................................................................ 39 
2.4 光电协同电化学纳米压印系统 ...................................................................... 40 
2.5 表征设备和仪器 .............................................................................................. 41 
2.5.1 金相显微镜................................................................................................ 41 
2.5.2 激光扫描显微镜（LSM） ....................................................................... 41 
2.5.3 原子力显微镜（AFM） ........................................................................... 41 
2.5.4 扫描电子显微镜（SEM） ....................................................................... 41 
2.5.5 磁控溅射仪................................................................................................ 42 
2.5.6 电化学工作站............................................................................................ 42 
2.5.7 氙灯光源.................................................................................................... 42 
2.5.8 光功率计.................................................................................................... 42 
2.5.9 光刻系统设备............................................................................................ 42 
参考文献.................................................................................................................. 42 
第三章 基于金属辅助刻蚀的电化学纳米压印技术 ............................43 
3.1 前言 ................................................................................................................... 43 
3.2 电化学纳米压印直接在 n-Si 晶圆片上加工三维微纳米结构 ..................... 44 
3.2.1 电化学纳米压印技术的原理.................................................................... 44 
3.2.1.1 三相界面接触电势的测量 ......................................................... 47 
3.2.1.2 Tafel 曲线测量电化学参数 ........................................................ 48 
3.2.2 电化学纳米压印加工方法........................................................................ 51 
3.3 电化学纳米压印加工 Si的体系选择和优化 ................................................. 52 
3.4 电化学纳米压印加工 n-Si实例...................................................................... 54 
3.4.1 纳米孔结构................................................................................................ 54 
3.4.2 正方形结构................................................................................................ 56 
厦
门
大
学
博
硕
士
论
文
摘
要
库
目 录 
iii 
 
3.5 本章小结........................................................................................................... 59 
参考文献.................................................................................................................. 59 
第四章 光电协同电化学纳米压印技术 ................................................63 
4.1 前言 ................................................................................................................... 63 
4.2 光电协同电化学纳米压印直接加工 GaAs 三维微纳米结构 ....................... 64 
4.2.1 光电协同电化学纳米压印技术的原理.................................................... 65 
4.2.1.1 光照和暗态下三相界面接触电势的测量 ................................. 66 
4.2.1.2 光照和暗态下线性扫描伏安曲线的测量 ................................. 67 
4.2.1.3 光照和暗态下 Tafel 曲线的测量 .............................................. 68 
4.2.2 光电协同电化学纳米压印技术方法........................................................ 71 
4.3 光电协同电化学纳米压印加工实例 .............................................................. 73 
4.3.1 光照和刻蚀时间对加工效果的影响........................................................ 73 
4.3.2 光照强度对加工效果的影响.................................................................... 75 
4.4 本章小结........................................................................................................... 77 
参考文献.................................................................................................................. 77 
第五章 总结和展望 ................................................................................81 
5.1 论文研究工作总结 .......................................................................................... 81 
5.2 论文展望........................................................................................................... 82 
5.2.1 电化学纳米压印技术加工体系拓展........................................................ 82 
5.2.2 大面积电化学纳米压印技术.................................................................... 83 
5.2.3 电场对电化学纳米压印加工效果的影响................................................ 84 
参考文献.................................................................................................................. 84 
在学期间发表的论文 ............................................................................................. 85 
致谢 .......................................................................................................................... 86 
 
厦
门
大
学
博
硕
士
论
文
摘
要
库
CONTENT 
iv 
 
    CONTENT 
Abstract in Chinese ...................................................................................I 
Abstract in English ................................................................................ III 
Chapter 1 Preface ...................................................................................... 1 
1.1 Introduction of semiconductor materials ......................................................... 1 
1.1.1 The Lattice and Band Structure of Semiconductor ....................................... 1 
1.1.2 The Photoelectric Effect of the Semiconductor ............................................ 2 
1.1.3 Contact between Semiconductor and Metal ................................................. 2 
1.1.4 Application of Semiconductor in micro/nano devices .................................. 3 
1.2 Significance of Micro/nanofabrication ............................................................. 4 
1.3 Introduction of Micro/nanofabrication ............................................................ 5 
1.3.1 Photolithography ........................................................................................... 5 
1.3.2 Direct Writing Techniques ............................................................................ 7 
1.3.3 Nanoimprint Lithography ............................................................................. 8 
1.3.4 Electrochemical Micromaching Techniques ............................................... 10 
1.3.4.1 Metal Assisted Chemical Etchin .................................................. 11 
1.3.4.2 Confined Etchant Layer Technique .............................................. 13 
1.4 Photoetching of Semiconductor ...................................................................... 16 
1.5 The Objectives and Plans of This Thesis ........................................................ 17 
References ............................................................................................................... 19 
Chapter 2 Experimental Section ...........................................................33 
2.1 Materials and Reagents ................................................................................... 33 
2.1.1 Chemical Reagents...................................................................................... 33 
2.1.2 Semiconductor Workpieces ......................................................................... 33 
2.1.3 Other Materials ........................................................................................... 34 
2.2 模板电极的制备 .............................................................................................. 34 
2.2.1 Preparation of Convex Hemisphere Mold Electrode .................................. 34 
2.2.2 Preparation of Concave Square Mold Electrode ......................................... 35 
厦
门
大
学
博
硕
士
论
文
摘
要
库
CONTENT 
v 
 
2.2.3 Preparation of Nanopillar Mold Electrode .................................................. 35 
2.2.4 Preparation of Micropillar/Cyilnder Mold Electrode ................................. 37 
2.2.5 Preparation of Mold Electrode by Magnetron Sputtering........................... 38 
2.3 System of Electrochemical Nanoimprint Lithography ................................. 39 
2.3.1 Composition and Performance of Instruments ........................................... 39 
2.3.2 Procedures for Electrochemical Nanoimprint Lithography ........................ 39 
2.4 System of Photo-electro Synergetic Electrochemical Nanoimprint 
Lithography ............................................................................................................ 40 
2.5 Characterization Equipments and Instruments ........................................... 41 
2.5.1 Metallurgical Microscope ........................................................................... 41 
2.5.2 Laser Scanning Microscope(LSM) ............................................................. 41 
2.5.3 Atomic Force Microscope(AFM) ............................................................... 41 
2.5.4 Scanning Electron Microscope(SEM)） .................................................... 41 
2.5.5 Magnetron Sputtering Equipments ............................................................. 42 
2.5.6 Electrochemical Workstation ...................................................................... 42 
2.5.7 Xenon Lamp................................................................................................ 42 
2.5.8 Optical Power Meter ................................................................................... 42 
2.5.9 Equipments of Photolithography System ................................................... 42 
References ............................................................................................................... 42 
Chapter 3 Electrochemical Nanoimprint Lithography based on Metal 
Assisted Chemical Etching .....................................................................43 
3.1 Preface ............................................................................................................... 43 
3.2 Fabrication of 3D-MNS Directly on n-Si by ECNL ...................................... 44 
3.2.1 Principle of Electrochemical Nanoimprint Lithography............................. 44 
3.2.1.1 Measurement of interfacial potentials .......................................... 47 
3.2.1.2 Measurement of Tafel curve ........................................................ 48 
3.2.2 Methods of Electrochemical Nanoimprint Lithography ............................. 50 
3.3 Selecting and Optimizing the Etching System of ECNL .............................. 52 
3.4 Examples of Electrochemical Nanoimprint Lithography on Si ................... 54 
厦
门
大
学
博
硕
士
论
文
摘
要
库
CONTENT 
vi 
 
3.4.1 Nanohole Structure ..................................................................................... 54 
3.4.2 Square Structure .......................................................................................... 55 
3.5 Summary ........................................................................................................... 59 
References ............................................................................................................... 59 
Chapter 4 Photo-electro Synergetic Electrochemical Nanoimprint 
Lithography .............................................................................................63 
4.1 Preface ............................................................................................................... 63 
4.2 Fabrication of 3D-MNS on n-GaAs by Photo-electro Synergetic ECNL .... 64 
4.2.1 Principle of Photo-electro Synergetic ECNL .............................................. 65 
4.2.1.1 Measurement of Contact Potential of Three-phase Interface in 
Light and Dark State ........................................................................................ 66 
4.2.1.2 Measurement of Linear-Scan Voltammogram in Light and Dark 
State .................................................................................................................. 67 
4.2.1.3 Measurement of Tafel Curves in Light and Dark State ............... 68 
4.2.2 Methods of Photo-electro Synergetic ECNL .............................................. 71 
4.3 Examples of Photo-electro Synergetic ECNL ................................................ 73 
4.3.1 Effects of Light and Etching Time on Fabrication Effect ........................... 73 
4.3.2 Effects of Light Intensity on Fabrication Effect ......................................... 75 
4.4 Summary ........................................................................................................... 77 
References ............................................................................................................... 77 
Chapter 5 Summary and Prospects ......................................................81 
5.1 Summary of Thsis ............................................................................................ 81 
5.2 Prospects ........................................................................................................... 82 
5.2.1 Fabrication system development of ECNL ................................................. 82 
5.2.2 Large Area Fabrication by ECNL ............................................................... 83 
5.2.3 Effect of Electric Field on Fabrication Effect of ECNL ............................. 84 
References ............................................................................................................... 84 
Publications ............................................................................................................ 85 
Acknowledgements ................................................................................................ 86 
厦
门
大
学
博
硕
士
论
文
摘
要
库
摘 要 
I 
 
摘 要 
具有三维微纳结构的材料通常具有优良的机械、电子、光学以及光电性能，
使得微纳米加工技术在集成电路、集成光学、微机电系统、纳米技术以及精密机
械加工等多个领域发挥着重大作用。而半导体材料在微纳器件中应用最为广泛，
因此针对半导体的微纳米加工技术至关重要。电化学微纳米加工技术无热效应，
具有精度可控、加工效率高、环境友好等特点，在加工半导体三维微纳米结构上
具有很大的潜力。将纳米压印的工作模式、金属辅助刻蚀的原理和约束刻蚀剂层
薄层溶液理论相结合，我们发展了一种直接作用于半导体材料的新型电化学纳米
压印技术。本文的主要工作和创新点主要有以下几点： 
（1）阐释了金属/半导体/反应液三相界面上自发的电化学腐蚀刻蚀原理。当
Pt 金属化的压印模板与 n-Si 或 n-GaAs 等半导体紧密接触时，由于金属和半导体
具有不同的电子功函数，n-Si/n-GaAs 的费米能级高于 Pt 的费米能级，电子会从
半导体转移到 Pt，在半导体中留下空穴。接触界面处生成空间电荷区，产生接触
电场和接触电势，电场的存在使得能带发生弯曲。电子转移达到平衡时，金属和
半导体达到新的相等的费米能级。将催化金属（Pt）和半导体浸入含有氧化剂的
溶液中，由于接触电势的存在，Pt/溶液界面电势会发生移动并且诱导氧化剂在 Pt
表面发生自发还原反应。由于平衡的费米能级为电子在金属和半导体之间传输提
供了通道，电子就会从半导体转移到 Pt 进而被氧化剂捕获，因此在金属/半导体
/溶液三相界面处积累的空穴使半导体沿着三相界面发生阳极溶解，达到加工的
目的。 
（2）实现了硅（n-Si）晶圆片上直接的电化学纳米压印。利用 Pt 金属化的
压印模板作为阴极，开路状态下的 n-Si 作为阳极，H2O2/HF 混合溶液作为反应
液。其中，H2O2 作为电子受体发生还原反应，HF 用于溶解刻蚀产物。通过优化
实验条件，确定刻蚀条件为 0.3/0.4 M H2O2 和 5 M HF，接触力值为 5 N，温度为
25 ℃。实现了纳米孔形、微室以及纳米凹槽等三维微纳米结构的加工。同时利
用开路电势和 Tafel 曲线等电化学方法测定了加工体系的电化学参数（阴阳极的
腐蚀电位、腐蚀电流、交换电流密度、Tafel 斜率等），实验测得 n-Si 阳极极化反
应的交换电流密度 i0为 3.8×10-4 A/cm2，H2O2 在 Pt 阴极极化反应的交换电流密度
为 2.5×10-3 A/cm2，且 Si 的极化程度大于 Pt 的极化程度，因而 Si 的阳极溶解是
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整个加工反应的决速步骤。从理论上验证了电化学纳米压印技术的可行性。 
（3）实现了砷化镓（n-GaAs）晶圆片上的光电协同电化学纳米压印。由于
半导体具有光电效应，吸收光能会提高内部载流子浓度，增加电子空穴对数目并
提高其分离速率。因此利用光电协同效应提高电子空穴分离可以提高电化学纳米
压印加工速率。利用 Pt 金属化的压印模板作为阴极，开路状态下的 n-GaAs 作为
阳极，KMnO4 和 H2SO4 混合溶液作为反应液。其中，KMnO4 作为电子受体发生
还原反应，H2SO4 溶液保证刻蚀产物为 Mn2+。通过优化实验条件，确定刻蚀反应
液为 40 mM KMnO4 和 1.84 M H2SO4，接触力值为 5 N，温度为 25℃，实现了在
GaAs 上加工凹半球三维微结构。同时研究了光刻蚀时间和暗态刻蚀时间以及光
照强度对结构加工效果的影响。发现光刻蚀和暗态刻蚀的凹半球去除体积与加工
时间大致成线性关系，且暗态刻蚀比光刻蚀的线性关系要好；光刻蚀的加工速率
远大于暗态刻蚀加工速率；去除体积在一定范围内随光功率的增加而增加；结构
的刻蚀深度与光功率呈现较好的线性关系。利用开路电势、Tafel 曲线和线性扫
描曲线等电化学方法测定光照下和暗态下加工体系的电化学参数，通过对比阴阳
极的电势变化程度，发现暗态下 GaAs 电极的极化程度大于 Pt 电极的极化程度，
GaAs 电极的交换电流密度 3.9×10-8 A/cm2 小于 Pt 电极的交换电流密度 3.5×10-5 
A/cm2，说明 GaAs 电极的阳极溶解是加工过程的决速步骤。在施加光照后，GaAs
和 Pt 电极的交换电流密度分别增加到 4.5×10-6 A/cm2 、1.2×10-4 A/cm2，阴阳极
极化程度加剧且 GaAs 的极化程度远大于 Pt 的极化程度。光照提高阳极溶解反
应的速率，进而提高了加工过程的速率。 
电化学纳米压印技术克服了金属辅助刻蚀难以加工复杂多级结构、纳米压印
难以直接加工半导体材料、约束刻蚀纳米精度分辨率低的缺点，成功在单晶半导
体晶圆片上快速高效的直接加工三维微纳米结构，并能保持高加工分辨率和精确
度，降低了操作成本、简化了操作工序，在半导体微纳器件加工领域具有广阔发
展前景。 
关键词：电化学微纳加工；电化学纳米压印；光电协同；光刻蚀；金属辅助
刻蚀；纳米压印 
 
厦
门
大
学
博
硕
士
论
文
摘
要
库
ABSTRACT 
III 
 
ABSTRACT 
Materials with three-dimensional micro-nanostructures usually have excellent 
mechanical, electronic, optical and photoelectronic properties that enable micro/nano   
fabrication technology to play a significant role in multiple fields such as integrated 
circuits, integrated optics, microelectromechanical systems, nanotechnology, and 
precision machining. The semiconductor materials are widely used in the micro/nano 
devices, so micro/nano fabrication technologies on semiconductors are of vital 
importance. Electrochemical micro/nano fabrication technology has features of no 
thermal effect, precision control, high fabrication efficiency and environment-friendly, 
and has great potential in the fabrication of micro/nano structures on semiconductors. 
On the basis of the traditional micro/nano fabrication technology, we have developed a 
new type of electrochemical micro/nano fabrication technology. Combining the 
working mode of nanoimprint lithography, the principle of traditional metal assisted 
chemical etching (MacEtch) and the theory of confined etchant layer technology 
(CELT), we have developed a new electrochemical nanoimprint lithography (ECNL) 
that directly acts on semiconductor materials. The main work and innovation are 
summarized as follows:  
 (1) When the Pt metallized imprint mold is in close contact with the 
semiconductor like n-Si or n-GaAs, electrons are transferred from the n-type 
semiconductor to Pt because they have different electronic work function, and holes are 
generated in the semiconductor. The space charge region is generated at the contact 
interface to produce a contact electric field and a contact potential, and the presence of 
the electric field makes it possible for bands bending. When electron transfer reaches 
equilibrium, the metal and semiconductors reach a new equivalent Fermi level. In the 
presence of an electrolyte, the potential of the Pt/electrolyte interface will shift because 
of the contact electricity and induce the spontaneous reduction of oxidant on the Pt 
surface. Because the equilibrium EF builds an electron tunnel between n-semiconductor 
and Pt, electrons will transfer from n-semiconductor through Pt to the oxidant. Thus, 
the accumulated positive holes at the n-semiconductor/electrolyte interface make n-
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semiconductor dissolve anodically along the Pt/n-semiconductor/electrolyte 3-phase 
interface, there will be three-dimensional structures on the semiconductor. 
(2) Electrochemical nanoimprint lithography directly on n-type crystalline silicon 
(111) wafer was achieved. Pt-metallized imprint mold was used as the cathode, and n-
Si in open state was anode and H2O2/HF solution was reaction solution. H2O2 was 
reduced as an electron acceptor, HF used to dissolve the etching products. By 
optimizing the experimental conditions, the etching conditions were determined to be 
0.3/0.4 M H2O2 and 5 M HF, the contact force was 5 N and the temperature was 25 ° C. 
And the fabrication of three dimensional micro/nanostructures such as nanohole shape, 
microchamber and nanogroove was realized. At the same time, the electrochemical 
parameters (corrosion potential, corrosion current, exchange current density, Tafel slope, 
etc.) of the fabrication system were measured by electrochemical methods such as open 
circuit potential and Tafel curve. The exchange current density i0of n-Si anodic reaction 
was is 3.8×10-4 A/cm2, and that of Pt cathodic reaction is 2.5×10-3 A/cm2, and the degree 
of polarization of Si is greater than the degree of polarization of Pt. Anodic dissolution 
is the rate determination step of the fabrication reaction. The feasibility of 
electrochemical nanoimprint lithography is validated theoretically. 
(3) photoelectric synergistic electrochemical nanoimprint lithography directly on 
n-type crystalline GaAs (100) wafer was achieved. As the semiconductor has 
photoelectric effect, the absorption of light can increase the concentration of internal 
carrier and the number of electron-holes and improve their separation rate. Therefore, 
the use of photoelectric synergistic effect to improve the electron-hole separation can 
improve the rate of electrochemical nanoimprint lithography. Pt-metallized imprint 
mold was used as the cathode, and n-GaAs in open state was anode and KMnO4/H2SO4 
solution was reaction solution. KMnO4 was reduced as an electron acceptor, H2SO4 
used to make the reduction product be Mn2+. By investigating the experimental 
conditions, the etching solution contained 40 mM KMnO4 and 1.84 M H2SO4, the 
contact force was 5 N and the temperature was 25 ℃. Succeed in fabrication of the 
concave hemisphere microstructures on gallium arsenide semiconductor (n-GaAs). The 
effects of photoetching time and dark state etching time and light intensity on the effect 
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